The Vlasov equation, which includes the effect of the ion cyclotron range of frequencies (ICRF) waves, can be written as the Fokker-Planck equation which describes the quasilinear transport in phase space by using the Lie-transform method. The radial transport fluxes of particle, energy and parallel momentum driven by ICRF waves in the slab geometry have been derived. The results show that the ICRF-induced radial redistributions of particle, energy and parallel momentum are driven by the inhomogeneity in energy of the equilibrium distribution function, and related to the correlation between the excursion in the real space and the excursion in energy. For the case with strong asymmetry of k y spectrum, the ICRF-induced radial transport driven by the energy inhomogeneity dominates the ICRF-induced radial transport driven by the spatial inhomogeneity. V C 2014 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Waves in Ion Cyclotron Range of Frequencies (ICRF) have been considered as a powerful approach of plasma heating both experimentally [1] [2] [3] [4] and theoretically. [5] [6] [7] In addition to the simple goal of plasma heating, the radio frequency (rf) waves have been used for current drive and profile control. Recent experiments [8] [9] [10] and theories [11] [12] [13] have suggested that the plasma flow driven by ICRF waves can stabilize microturbulence and thereby enhance the confinement. Therefore, it is of great interest to investigate the mechanism of flow driven by ICRF waves.
Previously, Jaeger et al. developed a second-order kinetic model to treat the transport induced by rf waves in a slab geometry.
14,15 They obtained the first-order oscillating distribution function by integrating the linear Vlasov equation along the unperturbed (UP) orbit, and then got the slowly varying part of the second-order distribution function through a complex calculation, thereby the radial particle flux, the radial energy flux and the poloidal momentum flux were derived; it will be referred to as the "f 2 method" in this paper. Gao et al. calculated the parallel rf force by using the f 2 method, 16 and proposed the parallel resonant ponderomotive force (RPF) . 17 However, this method has several limitations. First, they adopted the slab geometry and took a constant magnetic field, in which the integration along the UP orbit can be manipulated easily, but when the magnetic field configuration is complex, it seems hard to extend their results. Second, they considered the case that the equilibrium parameters were uniform, which cannot be easily generalized to the non-uniform case. Following Myra, 18 Chen 19 used the Guiding-Center (GC) theory to deal with the non-uniform case, which had been discussed by Chen. 20 Third, the calculation is carried out in the slab geometry, in which the divergence operator is the same as the gradient operator, leading to confusion in understanding the physical meaning of the RPF.
Recently, a new method have been proposed to research the quasilinear transport based on the Lietransform method. [21] [22] [23] [24] The Vlasov equation can be written in the Fokker-Planck (FP) form in the particle phase space, by taking the velocity moment integral of the FP equation, the fluid equations are derived; it will be referred to as the "I-transform method" in this paper. The process of the I-transform method is briefly summarized as follows. The first-order Hamiltonian is integrated along the UP orbit to get the first-order gauge function S 1 , which just depends on the magnetic field configuration. Then the first-order generating vector field G 1 can be calculated based on S 1 . Through the pull-back transform which is described by G 1 , the Vlasov equation can be written in the FP form, in which the inhomogeneities of the equilibrium distribution function are considered.
In this paper, the rf-driven radial fluxes of particle, energy and parallel momentum are calculated with the Itransform method. The results clearly show that the fluxes which are induced by the energy inhomogeneity of the equilibrium distribution function can play a role on the radial redistribution of particle, energy and parallel momentum, and this redistribution is related to the correlation between the excursion in the real space and the excursion in energy.
The remaining part of this paper is organized as follows. In Sec. II, we introduce the basic equations; in Sec. III, we calculate the radial particle flux and radial energy flux in a uniform plasma; in Sec. IV, we calculate the radial flux of parallel momentum in a uniform plasma; in Sec. V, we consider the spatial inhomogeneity of the equilibrium distribution function, the case with parallel flow is also calculated; Sec. VI is the conclusion.
II. BASIC EQUATIONS
In this section, we first give a brief review of the derivation of the quasilinear transport equation in general magnetic configurations by using the I-transform method, and then deal with the case in the slab geometry; more details can be found in Refs. 21 and 25. Ion heat pinch due to the magnetic drift resonance with the ion temperature gradient instability in a rotating plasma The ion heat pinch due to the magnetic drift resonance with the ion temperature gradient instability is investigated by using the Lie-transform method. In a tokamak plasma with an equilibrium parallel flow, the total heat flux is found to direct inward with a strong flow shear. The proposed heat pinch can provide possible explanations for some experimental observations. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4977808]
The confinement of particle and energy is a key issue in tokamaks. Since the experimental observation of the anomalous ion thermal transport in DIII-D tokamak, 1 the research for the heat transport has been developed prosperously. The ion temperature gradient (ITG) instability is considered to play an important role in the anomalies in ion thermal transport.
2,3 Furthermore, the ion thermal diffusivities inferred from the experimental data, such as in TFTR 4 and JT-60U, 5 are smaller than the value predicted by the conventional neoclassical theory, 6 which may indicate the existence of a strong inward heat pinch induced by turbulence inside the internal transport barrier. Early analysis of the heat pinch considered the effect of the trapped electron in a fully toroidal fluid description, 7, 8 which concluded that the total heat flux could be directed inward in some parameters due to the trapped electron effects. Later, the heat flux was calculated by considering the ion magnetic drift resonance with the ITG instability.
9-11 The magnetic drift resonance was treated in a previous theory by adopting the "grad-B model" approximation 12 or the constant energy resonance (CER) approximation.
9 Also, the effect of the equilibrium flow, which is beneficial for the energy confinement, 13, 14 was not taken into consideration in the previous calculation. In this paper, we calculate the heat transport by using the Lie-transform method;
15 it is found that in a tokamak plasma with an equilibrium parallel flow, the ion heat flux can direct inward due to a pure ITG turbulence, with the magnetic drift resonance rigorously treated.
The Fokker-Planck equation used to describe the quasilinear transport in the phase space is
where f 0 ðr; v k ; l; nÞ is the particle equilibrium distribution function, r ¼ ðr; h; fÞ with r the minor radius, h the poloidal angle, f the toroidal angle, l the magnetic moment, n the gyro-angle; J is the Jacobian of the particle coordinate ðr; v k ; l; nÞ. The ensemble average, hÁi e , is taken as the magnetic flux-surface average. g 1 's, the first-order generating vector fields in the particle coordinates, represent the deviation between the real particle orbit and the unperturbed (UP) particle orbit in the phase space. They can be derived from the gauge function S 1 , which obeys
Here, d/ is the perturbed electric potential, hÁi n is the gyro-
is the magnetic drift velocity, B ¼ B½e f þ ðr=qRÞe h is the equilibrium magnetic field with e r ; e h , and e f the unit vectors in the radial, poloidal, and toroidal direction, respectively, q is the safety factor, and R is the major radius. We have set e ¼ m ¼ 1, with e and m as the charge and mass of particle, respectively.
In the following, we neglect the effect of parallel dynamic, and focus on the magnetic drift resonance with the ITG instability. Under the assumption of large aspect ratio, the generating vector fields are calculated in the Fourier space as
Here, K is the energy coordinate, J 0 (k) is the zeroth order Bessel function, with k ¼ k h v ? =X, and X the gyro-frequency of particle.
with x r and c the real part and the imaginary part of mode frequency, respectively. Note that g r 1;k is the perturbation due to the Àrd/ Â B drift, and g K 1;k is the deviation in energy, which is easily derived from g
16
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Published by AIP Publishing. 24, 030701-1 Quasilinear transport due to the magnetic drift resonance with the ion temperature gradient instability in a rotating plasma The quasilinear transport fluxes due to the ion temperature gradient instability are calculated in a toroidal plasma, in which the magnetic drift resonance is treated rigorously. The effects of the equilibrium parallel flow and flow shear on the radial particle and heat fluxes are studied numerically in detail. In the radial component of parallel viscosity, there exist the pinches driven by the density gradient, the temperature gradient, and the curvature of the background magnetic field. The direction of these pinches is discussed. It is found that each pinch can be inward or outward, which depends crucially on the resonance condition. Published by AIP Publishing.
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I. INTRODUCTION
Transport is a key issue in tokamak confinement. The central peaked profile is thought to be beneficial for confinement. Peaked density profiles can enhance the particle and energy confinement, and peaked rotation profiles can suppress the micro-instabilities. Generally, in the absence of internal fueling, the peaked profiles are obtained when the pinch velocity exists in the transport fluxes, and the transport is strongly governed by these pinch terms.
1
The Ware pinch, 2 a famous pinch derived from the neoclassical theory, can be used to explain the density profiles in some experiment results, 3,4 but more and more experiment phenomena indicate that the pinch in the particle flux is anomalous. 5, 6 The anomalous transport induced by the ion temperature gradient (ITG) instability has been widely studied. In a slab geometry, there exists a pinch velocity related to the temperature gradient in the particle flux, which now is called as the thermal diffusion term. 7, 8 In a toroidal geometry, there exists a pinch velocity, which is independent of the traditional thermodynamical forces such as the density gradient and the temperature gradient but is dependent on the curvature of the background magnetic field.
9-11 The curvatureinduced pinch velocity is also derived in the energy flux [11] [12] [13] and in the radial flux of parallel momentum. [14] [15] [16] [17] Theoretically, the transport due to the magnetic drift resonance with the ITG instability has been widely researched. Since the magnetic drift velocity v d , which is proportional to v 2 k þ v 2 ? =2, depends on both the parallel velocity v k and the perpendicular velocity v ? , there exist two main approximations that are widely adopted to simplify the treatment of the magnetic drift resonance. One is the "grad-B model" approximation, 18 which assumes v
. Note that the parallel velocity of the resonance particles is not considered in the approximation, which may lead that the particle and heat fluxes are calculated inaccurately in the case with the equilibrium parallel flow. The other is the constant energy resonance (CER) approximation, 19 which assumes v
Þ. The effect of the parallel flow and its shear on the fluxes can be included with this approximation.
Based on the Lie-transform theory, the Vlasov equation can be written as the Fokker-Planck (FP) equation, which can be used to calculate the quasilinear transport systematically. [20] [21] [22] [23] In this paper, we derive the quasilinear transport due to the magnetic drift resonance with the ITG instability by using the Lie-transform theory. The case with the existence of the equilibrium parallel flow is considered. To calculate the transport fluxes in detail, we first adopt the "grad-B model" approximation to treat the magnetic drift resonance and then deal with the magnetic drift resonance rigorously.
The remaining part of this paper is organized as follows. In Sec. II, we introduce the basic equations from the Lietransform theory; the case in the toroidal geometry is illustrated in detail; in Sec. III, the transport fluxes are calculated with the "grad-B model" approximation; in Sec. IV, the transport fluxes are calculated with the magnetic drift resonance treated rigorously; Sec. V is the conclusion.
II. BASIC EQUATIONS
In this section, we first give a brief review of the derivation of the quasilinear transport equation in general magnetic configurations by using the I-transform method, a special Lie transformation, and then deal with the case in the toroidal geometry in detail; more details can be found in Refs. 21 and 24
A. Review of the quasilinear theory based on the I-transform method According to Ref. 21 , the quasilinear transport equation in the phase space can be written as
where f 0 r; v k ; l; n À Á is the particle equilibrium distribution function, with r the particle position, v k the particle parallel a) E-mail: zdbing@mail.ustc.edu.cn
Introduction
It is widely believed that toroidal rotation is beneficial to the confinement of tokamak fusion plasmas. The sheared rotation can suppress plasma microscopic turbulence and improve the performance of plasma confinement [1] [2] [3] . The large toroidal rotation can stabilize resistive wall modes [4, 5] . It is observed on different tokamaks that toroidal rotation can be driven by radio frequency (rf) waves without external momentum being injected [6] ; strong toroidal rotation has been observed in minority ion cyclotron range of frequency (ICRF) heated plasmas on many tokamaks, such as Alcator C-Mod [7, 8] , JET [9, 10] and Tore Supra [11, 12] .
Radial ion current induced by ICRF and its associated toroidal Lorentz force have been proposed to interpret the above experiments [13] [14] [15] [16] ; however, this theoretical model is not consistent with detailed experiments [6] . Another possible theoretical model is the nonlinear ponderomotive effect [17, 18] , or the momentum flux induced by ICRF [19] ; however, this mechanism is important only for the experiment of modeconversion ICRF heating which is a special case of minority ICRF resonance heating.
Therefore, it is of significant interest to investigate the physical mechanism of toroidal rotation generated by minority ICRF resonance heating without net momentum injection. We observed that the toroidal rotation of minority ions in the simulations of these experiments is finite [20] . In this paper, we propose a new theoretical model to interpret the toroidal rotation induced by ICRF heating; although the spectrum of the launched waves is symmetric without net momentum injection, the finite toroidal rotation of minority ions induces an asymmetric resonance: the number of parallel resonant particles is different from the number of anti-parallel resonant particles. This asymmetric resonance makes minority ions exchange momentum with the wave.
The remaining part of the paper is organized as follows. In section 2, the wave-momentum-energy relation is derived in the general geometry. Then the rf-induced force with minority ion rotation for the symmetric spectrum is obtained and discussed. In section 3, the rotation of bulk ions induced by this rf-induced force is presented and discussed. In section 4, the main results are summarized and discussed.
Rf-induced force with minority ion rotation
We begin with the wave-momentum-energy relation for the resonant particles in toroidal geometry. The Vlasov
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